complexes is where one P-O bond is aligned near parallel to the Rh-O BID trans to CO bond, while the geometry with a P-O bond orientated near parallel to the Rh-C CO bond, is slightly higher in energy, but still possible experimentally. The highest energy orientation of the (P(OCH 2 ) 3 CCH 3 ) group in square planar [Rh(BID)(CO)(P(OCH 2 ) 3 CCH 3 )] complexes, is with one of the P-O bonds near perpendicular to the plane described by the four atoms coordinated to Rh. The orientation of the cyclic (P(OCH 2 ) 3 CCH 3 ) group in available experimental structures of square planar [Rh(BID)(CO) (P(OCH 2 ) 3 CCH 3 )] complexes, confirms this finding.
. The original acetic acid manufacturing process was developed in 1960 by the German chemical company BASF. During this process acetic acid is formed from methanol and carbon monoxide, with co-catalysts of cobalt and iodide, at conditions of 300 ºC and 700 atmosphere. In 1966 the Monsanto Company improved the experimental conditions by using a new catalyst system of rhodium/iodide ion co-catalysts that operate at milder conditions of 150 -200 ºC and 30 -60 atmosphere. The Monsanto Company commercialised this process in 1970. Currently, the acetic acid manufacturing process has largely been substituted by the Cativa process which uses a similar, though more economical and environmentally friendly, iridium-based process, developed by BP Chemicals Ltd [4, 5] . However, the former harsh conditions of the manufacturing process still spurred researchers on to search for new catalysts which work under milder conditions. The design of catalysts specifically focused on designing ligands which would increase the electron density at the metal, in order to promote oxidative addition reaction of methyl iodide to the catalyst, which is the rate-determining step of the rhodium-based catalytic cycle. One class of ligands which proved to be highly active carbonylation catalysts when coordinated to Rh(I) complexes, are phosphorouscontaining ligands, due to their good σ-donor properties and their π-capability [6] . For example, trialkylphosphines-rhodium complexes leads to a more electron-rich rhodium centre such as the catalyst precursor [Rh(PEt 3 ) 2 (CO)Cl] that catalyses the carbonylation of methanol to form acetic acid at a rate nearly twice as high as that of [Rh(CO) 2 The optimization of the catalytic activity of a catalyst often focuses on modifications of the primary coordination sphere of the metal, by improving the electronic and steric properties of the ligands that are coordinated to the metal centre [20] . An understanding of the conformational preferences of tertiary phosphine-containing complexes is important for the development of improved catalysts.
We previously reported on the conformational preferences of triphenylphosphine in square planar organometallic complexes [21] , as well as on the conformational preferences of the PR 3 groups diphenyl-2-pyridylphoshine and triphenylphosphine in square planar [Rh(β-diketonato)(CO)(PR 3 )]
complexes [22, 23, 24] . We were interested to determine whether the trimethylolethane cyclic phosphite group also exhibits a conformational preference when coordinated to square planar rhodium complexes.
In this contribution we thus present a combined density functional and solid state crystal structure study of the β-diketonato-as well as phosphite-containing complex 
Crystal structure analysis
Data for the crystals, obtained from solutions in hexane, were collected on a Bruker D8
Venture kappa geometry diffractometer, with duo Iµs sources, a Photon 100 CMOS detector and APEX II [30] control software, using Quazar multi-layer optics monochromated, Mo-Kα radiation by means of a combination of φ and ω scans. Data reduction was performed, using SAINT+ [30] and the intensities were corrected for absorption, using SADABS [30] . The structure was solved by intrinsic phasing, using SHELXTS and refined by full-matrix least squares, using SHELXTL + [31] and SHELXL-2013+ [31] .
In the structure refinement, all hydrogen atoms were included in experimental positions determined from successive electron difference maps, and refined without any restrictions but with a common isotropic thermal parameter. All non-hydrogen atoms were refined with anisotropic displacement parameters. Crystal data and structural refinement parameters are given in the electronic supplementary information.
Density functional theory (DFT) calculations
Density functional theory (DFT) calculations were carried out, using the ADF (Amsterdam Density Functional) 2013 programme [32] with the PW91 (Perdew-Wang 1991) [33] GGA (Generalized Gradient Approximation) functional. The TZP (Triple ζ polarized) basis set, with a fine mesh for numerical integration and full geometry optimization, applying tight convergence criteria, was used for minimum energy searches.
Results and Discussion

X-ray structure
Perspective drawings [34] of the molecular structure of one of the two molecules of [Rh(acac)(CO)(P(OCH 2 ) 3 CCH 3 )], (1), in the asymmetric unit, showing the crystallographic numbering scheme used, are presented in Figure 1 . Table 2 gives selected geometrical parameters of [Rh(acac)(CO)(P(OCH 2 ) 3 CCH 3 )], (1), and related Rh-(P(OCH 2 ) 3 CCH 3 ) complexes (2) [25] , (3) [26] and (4) [27] . A summary of some of the important crystal data is as follows: Empirical . The complete crystal data and structure refinement details of (1) are given in the Supporting
Information.
There are four weak intermolecular hydrogen bonds observed in the crystallographic packing of (1) (see data in Table 1 ): O1---H2B, O2---H31A, O3---H23A and O25---H9B at distances varying between 2.60(2) and 2.63(2) Å respectively. However, the A---H-D angle for O1---H2B-C2 at 113.0(15) is significantly more non-linear than the other contact angles that vary between 144.7(17) and 155.3 (18) , suggesting that the latter three contacts are mainly responsible for the packing in the solid state. Atomic displacement parameters (ADPs) are shown at the 50 % probability level. 
Computational chemistry study
To evaluate the preferred minimum energy orientation of the trimethylolethane cyclic phosphite group (P(OCH 2 ) 3 CCH 3 ) in complexes (1)-(4), a potential energy scan (PES) of the rotation of (P(OCH 2 ) 3 CCH 3 ) around the Rh-P bond in each of the complexes (1)-(4) was determined; see Figure 3 . The three P-O bonds of the rigid (P(OCH 2 ) 3 CCH 3 ) group adopt a C 3 -symmetrical conformation around the Rh-P axis and therefore the PES scan is repeated after a rotation of 120°.
From the PES it is clear that rotation of the cyclic (P(OCH 2 ) 3 CCH 3 ) group has a negligible influence on the energy of square-planar complex (1), since the difference between the maximum and minimum energy during the PES for (1) The energy barrier of rotation of group (P(OCH 2 ) 3 CCH 3 ) in the square-planar complex (3), where one phenyl group is attached to the backbone of the cupf-bidentate ligand coordinated to rhodium, is slightly higher than that of (1), namely 0.016 eV, while that of square-planar complex (2), with two phenyl groups attached to the backbone of the dbm-bidentate ligand coordinated to rhodium, is slightly more, 0.021 eV. These results indicate that for the three square planar rhodium complexes to dbm [complex (3)]), the energy barrier of rotation also increases. However, for the square pyramidal complex (4), with a fifth ligand attached to rhodium, the energy barrier of rotation is much larger, namely 0.138 eV. This high energy barrier occurs when a P-O bond is aligned parallel to and on the same side as the Rh-C acyl bond, leading to repulsion between the two oxygens. The lowest energy conformation of complex (4) is thus indeed when the distance between the O acyl and any of the oxygens on (P(OCH 2 ) 3 CCH 3 ) is as large as possible; see Figure 5 . The cyclic (P(OCH 2 ) 3 CCH 3 ) group thus adopts orientation 2 (Scheme 2) in both the DFT lowest energy optimized geometry, as well as in the experimental crystal structure of the square pyramidal complex (4). The experimental three dihedral angles O cupf trans to I -Rh-P-O of 34.7°, 81.5° and 153.8° [27] , are thus near perpendicular to the plane through the four atoms coordinated to Rh. These dihedral angles should be 45°, 90° and 135°, respectively, to be exactly perpendicular. In contrast, the orientation of the (P(OCH 2 ) 3 CCH 3 ) group in both the DFT optimized geometry of complex (2), as well as in the crystal structure of (2), is orientation 1 (Scheme 2): The DFT calculated minimum energy orientation of the (P(OCH 2 ) 3 CCH 3 ) group in complex (3), is also when one of the P-O bonds is aligned near parallel to the plane through the four atoms coordinated to Rh, namely orientation 1 in Scheme 2. As stated earlier, in complex (1) this P-O bond is orientated on the same side as the Rh-O acac trans to CO bond, as shown in Figure 7 (a) (i). The alternative DFT optimized geometry, where one P-O bond is aligned near parallel to the Rh-C CO bond, is only 0.0008 eV higher in energy for complex (1) . For complex (3), the DFT optimized geometry with the lowest energy is similar to complex (1), namely the geometry where 
Conclusions
The DFT calculated minimum energy orientation of the cyclic (P(OCH 2 ) 3 CCH 3 ) group in square planar [Rh(BID)(CO)(P(OCH 2 ) 3 CCH 3 )] (BID = bidentate ligand with two O donor atoms and charge -1) complexes containing a bidentate ligand, is with one of the P-O bonds aligned near parallel to the plane through the four atoms coordinated to Rh. The three P-O bonds of the rigid (P(OCH 2 ) 3 CCH 3 ) group, adopt a C 3 -symmetrical conformation around the Rh-P axis. The geometry with the lowest energy is where one P-O bond is aligned near parallel to the Rh-O BID trans to CO bond with a dihedral angle O BID trans to CO -Rh-P-O < 10°. The geometry with a P-O bond orientated near parallel to the Rh-C CO bond, is slightly higher in energy, but still possible experimentally. 
